We compute QCD corrections to the processes e + e ? ! t th 0 and pp ! tth 0 by treating the Higgs boson as a parton which radiates o a heavy quark. This approximation is valid in the limits M h << M t and M h ; M t << p s. The corrections increase the rate for pp ! tth 0 at the LHC by a factor of 1:2 to 1:5 over the lowest order rate for an intermediate mass Higgs boson, M h < 180 GeV. The QCD corrections are small for e + e ? ! t th 0 at p s =1 TeV.
Introduction
The search for the Higgs boson is one of the most important objectives of present and future colliders. A Higgs boson or some object like it is needed in order to give the W and Z gauge bosons their observed masses and to cancel the divergences which arise when radiative corrections to electroweak observables are computed. However, we have few clues as to the expected mass of the Higgs boson, which a priori is a free parameter of the theory. Direct experimental searches for the Standard Model Higgs boson at LEP and LEPII yield the limit, 1] M h > 77:5 GeV ;
(1) with no room for a very light Higgs boson. LEPII will eventually extend this limit to around M h > 95 GeV. Above the LEPII limit and below the 2Z threshold is termed the intermediate mass region and is the most di cult Higgs mass region to probe experimentally.
In the intermediate mass region, the Higgs boson decays predominantly to bb pairs. Since there is an overwhelming QCD background, it appears hopeless to discover the Higgs boson through the bb channel alone. The associated production of the Higgs boson could o er a tag through the leptonic decay of the associated W boson or top quark, 2] pp ! Wh 0 pp ! tth 0 : (2) Both of these production mechanisms produce a relatively small number of events, making it important to have reliable predictions for the rates.
The QCD radiative corrections to the process pp ! Wh 0 have been computed and increase the rate signi cantly, ( 30 ? 40% at the LHC) 3, 4] . The QCD radiative corrections to the processes e + e ? ! t th 0 and pp ! tth 0 do not yet exist and are the subject of this paper.
There is considerable expertise available concerning QCD corrections to Higgs production.
The radiative corrections of O( 3 s ) to gg ! h 0 involve two-loop diagrams and have been calculated with no approximations 5]. They have also been computed in the limit in which M h =M t ! 0, where an e ective Lagrangian can be used and the problem reduces to a one-loop calculation 6]. In the intermediate mass region, one expects this to be a reasonable approximation. The QCD corrections to the process gg ! h 0 can be conveniently described in terms of a K factor, K( ) pp!h (pp ! h 0 X) NLO (pp ! h 0 ) LO ; (3) where is an arbitrary renormalization scale, which we take to be = M h . Fig. 1 shows the K factor at the LHC computed exactly and in the M h =M t ! 0 limit. The important point is that the M h =M t ! 0 limit is extremely accurate and reproduces the exact result for the K factor to within 10% for all M h < 1 TeV, 4] although the small M h =M t limit does not accurately give the total cross section for M h > M t . The reason the K factor for this process is so accurately computed in the small M h =M t limit is that a signi cant portion of the K factor comes from a constant rescaling of the lowest order result, along with a universal contribution from the soft and collinear gluon radiation which is independent of masses 5, 6], K( ) pp!h 1 + s ( ) 2 + 11 2 + :::: :
Hence an accurate prediction for the rate to O( 3 s ) can be obtained by calculating the K factor in the large M t limit and multiplying this by the lowest order rate computed using the full mass dependence.
Along this line, we compute the QCD corrections to the processes e + e ? ! t th 0 and pp ! tth 0 in the M h =M t ! 0 and high energy limits, which we expect to be reasonably accurate from our experience with the gg ! h 0 process. In these limits the Higgs boson can be treated as a parton bremsstrahlung o a heavy quark. 
This factorization is the crucial step in de ning the Higgs distribution function and assumes that the dominant contribution comes from an on-shell Higgs boson. We de ne the energy carried by the Higgs boson to be E h x h E ; (7) and neglect all masses, except when they lead to a logarithmic singularity. 
where A(t ! th 0 ) ?ig t ij u(p 0 )u(p).
We now consider a Higgs boson which couples to heavy quarks with the Yukawa interaction, 
The dominant numerical contribution comes from the (1 ? x h )=x h term, i.e. from the infrared part of the Higgs distribution function. In fact, we can also reproduce the rst term in Eq. (13) if we calculate, in the eikonal approximation, the bremsstrahlung of a soft Higgs from the nal state of the e + e ? ! t t process. This provides us with an independent check of the leading behavior of the Higgs structure function we are going to use in the following.
It is instructive to compute the neglected mass dependent terms using a di erent approach. (14) where x h = 2E h = p s is the exact equivalent of the quantity de ned in Eq. (7) 
Except for the argument of the logarithm, this agrees with Eq. (13). It is easy to convince ourselves that this discrepancy can only introduce a di erence of the same order of magnitude as the e ects we are neglecting and is therefore irrelevant in our approximation. We have explicitely checked that the use of f t!h (x h ) in the form of Eq. (13) 
QCD Corrections
The utility of the results of the previous section is that it is straightforward to compute the O( s ) corrections to f t!h . The discussion here parallels that of Ref. 13].
Virtual Corrections
The virtual corrections include contributions from the vertex renormalization of Fig. 3a , from the top quark wavefunction renormalization, and from the top quark mass renormalization. 
The sum of (22) and (20) has both an UV pole and an IR pole. The UV pole in fact is cancelled by the renormalization of the mass term in the Higgs-fermion coupling (g t = M t =v), while the IR pole will be cancelled by the soft gluon bremsstrahlung contribution (see Fig. 3b and 3c) . To complete the calculation of the virtual part, we add to (22) and (20) 
Real Corrections
The gluon bremsstrahlung diagrams are shown in Fig. 3b and 3c 
We can see that in the sum of (25) and (29) . Therefore we do not include the study of hard gluon emission in this context and drop the f hard part of the structure function f t!h (x h ). Figure 4 shows the lowest order and radiatively corrected results for 2 typical energy scales. 
using the same notation we introduced before. We notice that (e + e ? ! t t) does not depend on x h and the associated Higgs production, in the EHA, is obtained by simply multiplying (e + e ? ! t t) by a prefactor, as can be seen from Eq. (38).
In Figure 5 we compare the exact cross section of Eq. As we can see, the EHA reproduces the exact cross section to a good level of approximation and we are entitled to use it in the estimate of the impact of QCD corrections on the associated production of an intermediate mass Higgs boson in t t events.
Within the EHA formalism, we can parameterize the e ect of QCD corrections as In the EHA, the cross section for pp ! tth 0 production at lowest order is then,
where F i (x) are the parton distribution functions and x 1 and x 2 are the momentum fractions carried by the incoming partons. Again, the over-all factor of 2 re ects the fact that the Higgs boson can be radiated o either top quark leg. The parton sub-energy isŝ = x 1 x 2 s. Note that because of the dependence onŝ in f t!h (x h ), the e ect of the Higgs emission is not a simple prefactor as was the case for e + e ? , (although the energy dependence is very small).
At lowest order, the process pp ! tth 0 includes both theand gg initial states. As was the case for e + e ? , the contribution from theinitial state is well approximated at lowest order in the intermediate mass Higgs region by the EHA calculation. However, the process gg ! tth 0 also contains the t -channel emission of a Higgs boson which is not included in the EHA approximation and so the EHA is a much poorer approximation to the lowest order hadronic cross section than it is to the e + e ? cross section. 2 We will therefore use the EHA only to calculate the K factor. The best estimate of the rate for pp ! t th 0 will then be obtained by using the exact calculation for the lowest order rate and then multiplying by the K factor obtained using the EHA.
The cross section to NLO can easily be found using the EHA, 
In Fig. 6 , we show the K factor using structure functions derived by Mor n and Tung. 18] It is clear from this gure that using the lowest order cross section with the 2?loop evolution of s ( ) overestimates the size of the corrections. (This is also true for the pp ! h 0 process. 4])
The K factor varies between around 1:2 and 1:5 for the intermediate mass Higgs boson. Since the dominant production mechanism is gluon fusion, the exact value of the K factor is sensitive to the choice of structure functions. We have found that changing the set of structure functions induces a 10 ? 20 % uncertainty in the K factor shown in Fig. 6 . 2 The agreement between the exact calculation and the EHA calculation of pp ! t th 0 at the LHC can be improved by using Eq. (19) instead of Eq. (13) for f 0 t!h . Even so, the EHA overestimates the exact cross section for M h 150 GeV by about a factor of 2. The K factors obtained using Eq. (13) or Eq (19), along with Eq. (34), are, however, almost identical. Mor n-Tung 18] structure functions. The solid curve uses the 1? loop evolution of s ( ) and lowest order structure functions for 0 , and the 2?loop evolution of s ( ) and NLO structure functions for 1 . The dashed curve uses the 2?loop evolution of s ( ) and the LO structure functions for both 0 and 1 .
Conclusions
We have computed the next-to-leading order QCD corrections to e + e ? ! t th 0 and to pp ! t th 0 in the high energy limit and the limit in which M h << M t . We expect this to be a reasonable approximation in the intermediate mass region. The corrections to e + e ? ! t th 0 are small and can safely be neglected. The corrections to pp ! t th 0 , however, increase the rate at the LHC by a factor of between 1:2 to 1:5 for M h < 180 GeV, although the numbers are sensitive to the choice of structure functions. Within the context of the EHA, the bulk of these corrections can be identi ed with the O( 3 s ) corrections to the pp ! t t sub-process. The signi cant size of the corrections underscores the need for a complete calculation.
